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Effect of coke reactivity and nut coke on blast
furnace operation
A. Babich*, D. Senk and H. W. Gudenau
Two measures for coke saving and increase in blast furnace efficiency related to coke
characteristics – reactivity and size – are discussed in this paper. Modern blast furnace operation
with low coke rate and high injection rate causes a change in coke quality requirements. A
discussion has arisen recently about highly reactive coke. Here, a theoretical analysis of influence
of coke reactivity on the thermal reserve zone, direct reduction and carbon consumption in the
blast furnace has been undertaken. Experiments have been performed using non-standard test
scenarios that simulate coke behaviour under real blast furnace operating conditions. Coke
reactivity and microstructure have also been investigated under the impact of alkali and
pulverised coal ash and char. Operation of many blast furnaces has proved the possibility of coke
saving and increase in productivity when using small-sized coke (so-called nut coke) mixed with
the burden, but the reasons for this phenomenon, and consequently the limit for nut coke
consumption, are still not very clear. An analytical method and cold model simulations have been
used to quantify the change in shaft permeability and furnace productivity when using nut coke.
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Introduction
Coke constitutes a great portion of the production costs
of hot metal and its consumption is strongly related to
CO2 emissions. Its properties affect coke rate, furnace
productivity and metal quality.1,2
The significance of coke reactivity and the complexity
are explained by the fact that this characteristic may
correlate with other chemical, physical and mechanical
properties of coke. Coke reactivity towards CO2 is
determined by its physical and chemical properties, in
particular its texture, structure and composition of
mineral matter.3 The effect of additives such as alkali,
lime, iron oxides and flue dust on coke reactivity was
studied in the 1930s.4 Now it is commonly recognised
that the CRI (coke reactivity index5), which correlates
with the CSR (coke strength after reaction5) index,
should be kept at a low level to shift the solution loss
reaction to higher temperatures.6 This is particularly
important at high pulverised coal (PC) injection rate
because the time of solution loss reaction of coke under
catalytic impact of alkali metals increases.
Blast furnace (BF) operation with high injection rate
requires special coke quality, as particularly its reactivity
may be affected by injected PC or other solid carbonac-
eous materials. A study conducted by RWTH Aachen
University in cooperation with JFE Steel, Japan,
testified that char and ash, generated from PC or waste
plastics, may also influence coke properties and reaction
and degradation behaviour.1,7
Currently, the possibility of decreasing carbon con-
sumption in the BF by means of transition of the FeO–
Fe reduction equilibrium point (W to W1 in Fig. 1)
affecting a decrease in thermal reserve zone temperature
is being discussed intensively.8–10 The idea behind it is
derived from the ‘RIST’ diagram and is as follows:
A decrease in the equilibrium temperature between
the reducing gas and wustite would shift the composi-
tion of the reducing gas towards a lower CO and higher
CO2 content (Fig. 1). This shift would improve the gas
utilisation efficiency, resulting in lower reducing agent
consumption. Use of high reactivity coke is suggested as
one of the ways to reach this goal. Such coke can be
produced by adding Ca-rich non-caking coal or catalyst
compounds to a coal blend, or coke pushed out of the
coke oven can be treated by coating the coke surface
with catalyst or by impregnation of coke in catalyst
solution.11,12
Here, this approach is discussed, and the results of an
experimental study on coke reactivity including those
performed under alkali load (potassium vapour) are
presented. Effect of char and PC ash on coke behaviour
was also examined. Tests have not been performed using
standard test methods but under simulating changing
conditions in a modern BF.
Production of high-quality coke needed for a modern
BF causes the generation of a large amount of under-
sieve product and therefore contributes to a rise in coke
price. Charging of this under-sieve material (commonly
known as nut coke) into the BF mixed with burden
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(different from layered charging) became a common
practice at many BFs and proved the possibility for coke
saving and increase in furnace productivity, but the
reasons and mechanism for this phenomenon are not
very clear. It was supposed that the decrease in coke
consumption while using nut coke is caused by the higher
reactivity of nut coke compared with metallurgical coke
and that it reacts preferably with carbon dioxide and in
this way ‘protects’ bell coke from the solution loss reaction
in the shaft.
Recent investigations, however, both in the laboratory
under simulating solution loss reaction conditions and in
industrial BF using nut coke produced by adding ZrO2
tracer to the coal blend have not proved this theory,13
although the result might depend on the nut coke grain
size.14 Other reasons for the positive effect of nut coke can
be related to the change in reduction processes and
streaming conditions. It was found that, by using coke–
ore mixed charging, direct reduction is promoted in the
cohesive zone and inhibited in the hearth and, hence,
hearth heating is improved.15 Currently, the reduction
behaviour of different sinter types mixed with nut coke is
being studied at RWTH Aachen University.16 Here, the
change in streaming conditions when charging nut coke is
discussed based on theoretical and experimental studies.
Coke reactivity towards carbon dioxide
and BF performance
Coke reactivity and ‘ideal’ BF operation
To ensure indirect reduction of magnetite to wustite and
wustite to iron, the ratio of CO/CO2 in gaseous phase
has to exceed its stoichiometric value:2
Fe3O4zmCO~3FeOzCO2z(m{1)CO{36 460 kJ
(1)
FeOznCO~FezCO2z(n{1)COz17 130 kJ (2)
This means that the systems (1) and (2) will reach
thermodynamic equilibrium only at partial conversion
of CO into CO2 according to the equilibrium constants
(KP). For wustite reduction, this can be written as:
17
FeOz(1=KPz1)CO~FezCO2z1=KP CO (3)
or
FeOz1=gCO~FezCO2z(1=g{1)CO (4)
where g is the CO utilisation rate under equilibrium
conditions:
g~
CO2
COzCO2
~
Kp
Kpz1
~Q(T)
where CO*, CO2* are the equilibrium gas content,
%.
Reduction reactions in the BF do not achieve
equilibrium because of a short residence time of gases
in the furnace and CO splitting at the low temperatures:
2CO5CO2zCz172 470 kJ (Fig. 1). The lower the
temperature of reaction (4) and starting temperature of
Boudouard reaction (CO2zC52CO), the higher g and,
consequently, the lower carbon consumption at indirect
reduction. For equilibrium conditions in Fig. 1, which
cannot be attained in practice, the lowest carbon rate
corresponds to the temperature point of 685uC. At this
point, CO2/CO5lg Kp5949/T21?13450?72. The
amount of CO needed for wustite reduction in the
above conditions makes up 2?4 M; CO utilisation rate
even at this point is only g542% (for comparison, at
900uC, g532%).
However, it would be a mistake to believe that a
lowering of the reduction temperature of the FeO–Fe
reaction automatically decreases carbon consumption
and moves the process closer to an ideal BF
operation. The ‘ideal blast furnace operation’ term
introduced by Gru¨ner in 187218 is not related to
‘ideal’ indirect reduction of wustite but to complete
suppression of direct reduction (it is a different
question whether 100% of indirect reduction is
thermodynamically possible in a modern BF and
whether such an operation necessarily provides mini-
mum carbon consumption).
Carbon consumption in the BF will be decreased
when indirect reduction, which has become more
favourable, increases. However, a shift of reserve zone
to a lower temperature using high reactive coke may
intensify heat exchange and direct reduction in the lower
zone (when liquid product and flame temperatures are
kept at the initial level). This means an extension of
direct reduction and corresponding thermal require-
ment. Furthermore, the reserve zone can be moved to
the upper part of the shaft. Taking into account that the
chemical reserve zone (wustite zone) is placed inside the
thermal reserve zone,19 the indirect reduction zone will
become smaller, whereas the direct reduction zone
increases.
Furthermore, considering indirect reduction itself,
carbon saving at a lower reserve zone temperature can
be realised only under certain prerequisites, namely:
N Completion of Fe2O3 and Fe3O4 reduction at lower
temperatures. This is not a trivial task because
1 RIST operating diagram combined with Baur–Glaessner
equilibrium diagram and Boudouard reaction at
P50?1 MPa
Weiss et al. Effect of coke reactivity and nut coke on blast furnace operation
Ironmaking and Steelmaking 2009 VOL 36 NO 3 223
equilibrium constants for reactions (1) and (2)
become close with decreasing temperature.
N Strong separation of stages of iron reduction. In other
words, in the zone of iron reduction from wustite, no
reduction of wustite from magnetite should happen.
It has also to be considered that decrease in temperature
in the shaft lowers the velocity of indirect reduction in
the reserve zone.
Benefits of highly reactive coke may only be gained
when using nut coke mixed with iron burden. In this
case, mentioned in the Introduction, the hypothesis
about preferable reaction of nut coke with CO2, which
was disproved for ‘normal’ nut coke, will be confirmed.
But the reason for coke saving will be protection of bell
coke from solution loss reaction in the shaft.
Experimental
Facilities and test scenarios
Changing BF conditions were simulated using a
Tammann furnace laboratory rig (Fig. 2) and simulta-
neous thermal analysis (STA) experimental set (Netzsch,
STA 409). Test scenarios for the Tammann furnace rig
including those that simulate solution loss of coke in
different vertical sections of a BF (wall and centre
regions) are presented in Tables 1 and 2; Table 3 shows
the test scenario for the STA lab rig. The pCO/pCO2/pN2
ratio in the gas mixture was changed during each test
according to respective scenarios. The total gas flow rate
was kept constant in all tests. Specimens of cylindrical
shape were used (22622 mm for the Tammann furnace
and 17617 mm for STA tests). Treatment of coke with
alkali vapour in the Tammann furnace rig was used to
reveal the influence of potassium taken up by coke on
the Boudouard reaction and its microstructure. Solid
potassium carbonate was placed into the reaction tube.
Results and discussion
An increase in reaction rate when treating with
potassium vapour could be proven for all test scenarios
(the average consumption of potassium carbonate
during the test was about 0?16 g or about 0?020 g g–1
coke, which roughly corresponds to 5?7 kg tHM–1 at a
coke rate of 350 kg tHM–1). Comparison of the results
for ‘wall’ and ‘centre’ scenarios showed higher increase
in reaction rate for samples passing the simulating
peripheral blast furnace zone (Fig. 3). This may indicate
that the catalytic action reduces with rising temperature.
Microstructure of the cokes passing the base test
scenario (Table 1) testifies that the rate of small pores
decreases with rising temperature and CO/CO2 ratio
20
(Fig. 4).
Analysis of the relationship of coke microstructure
with its properties showed that the higher porosity of
feed coke, the higher its reactivity or CRI value (Fig. 5).
1: flow controller; 2: thermocouple; 3: electronic scale;
4: computer; 5: gas analyser; 6: graphite tube; 7: coke
sample; 8: ceramic tube; 9: potassium carbonate; 10:
alumina balls; 11: quartz glass; 12: gas supply
2 Schematic of the Tammann furnace experimental rig
Table 1 Base test scenario
Temperature, uC Time, min CO2, % CO, % N2, %
900 30 20 20 60
900R1100 40 0 0 100
1100 30 10 30 60
1100R1300 40 0 0 100
1300 30 0 40 60
1300R1500 40 0 0 100
1500 30 0 40 60
Table 2 Scenarios for central and peripheral gas flows
Temp., uC Time, min K min–1 CO2, % CO, % N2
Wall 300R600 100 3 20 20 60
600R800 100 2 15 25 60
800R1000 40 5 5 35 60
Centre 650R1000 100 3.5 10 30 60
1000R1200 100 2 5 35 60
Table 3 Scenario for STA tests
Temperature range, uC K min–1 Time, min Total reaction time, min CO2, % CO, % N2, %
0–900 10.0 90 20 20 60
900–1100 2.0 100 10 30 60
1100–1500 5.0 80 270 0 40 60
3 Effect of alkalis (A) on coke weight loss when simulat-
ing wall (w) and centre (c) regions of BF
Weiss et al. Effect of coke reactivity and nut coke on blast furnace operation
224 Ironmaking and Steelmaking 2009 VOL 36 NO 3
However, this dependence becomes flatter after the BF
simulating tests (Table 2) and actually disappears under
alkali load. Additional tests performed under isothermal
conditions (900, 1100 and 1300uC; atmosphere: 20% CO,
20% CO2, 60% N2) confirm that solution loss increases
when using high reactive coke, but the catalytic effect of
alkali appears strongly when CRI is low and almost
disappears when using high reactive cokes (Fig. 6).
Figure 7 shows the relationships between parameters
of coke carbon phase reflectance and the CRI values
measured for feed cokes. The vitrinite reflectance was
measured in polarised light using an Axioplan micro-
scope equipped with an image analysis system.
Bireflectance Rb or, in other words, optical anisotropy
decreased with raise of CRI. After the reaction tests
(including those with alkali load), absolute values of Rb
decreased and its dependence on CRI became flatter.
The study on PC char and ash effect on the coke
reaction rate started in References 1 and 7 was extended.
Coke reactivity with coal char and ash attached on its
surface has been examined using the STA equipment
according to the scenario in Table 3. A char was
prepared in a drop-tube furnace (DTF) from a size-
graded bituminous Australian coal. The DTF was
designed at the University of New South Wales,
Sydney, Australia, to simulate the temperature and
heating rate (104 uC s–1) experienced by coal during a
BF PCI operation.21 Ash derived from injected coal was
simulated by the residues from a German coal power
station. Results obtained showed that residues of coal
combustion act as catalysts (Fig. 8). The acceleration of
reaction starts at about 1100uC and corresponding
heating rate and gas atmosphere.
On the other hand, char and ash spheres observed on
the coke surface after reaction (Fig. 9), depending on
their size and distribution, may also protect coke from
degradation. It can be summarised that a concept of
coke use in a modern BF has to consider the possible
dual effect of coal char and ash on coke properties and
its reaction and degradation behaviour: the negative
catalytic effect and the positive effect of preventing coke
from degradation.
4 SEM pictures of coke microstructure, 6200
5 Relationship between coke porosity and CRI (optical
microscope with soft imaging analysis, 6100)
6 Coke reaction rate of different cokes with and without
alkali load
7 Dependence of coke bireflectance on CRI
8 Effect of coal ash and char on mass loss (TG) of coke
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Nut coke effect on gas flow conditions
and furnace productivity
Theoretical analysis
To estimate the nut coke effect on BF ‘dry’ zone
permeability, it is not necessary to calculate the absolute
values of pressure drop based on the Darcy–Weisbach
equation as it can be done by examination of the
relationship of pressure drop for burden–nut coke mix
layer (DPm) and for burden layer without nut coke
(DPb):
DPm
DPb
~
ym
yb
:Hm
:(1{eem):e
3
eb
Hb:(1{eeb):e3em
(5)
where ym, yb are the friction factors for mix and burden
respectively; y5f(Re); Re is the Reynolds number; Hm
and Hb are packed bed heights for mix and burden
respectively, m; eem, eeb are the effective voidage of mix
and burden respectively, m3 m–3.
Effective voidage was introduced by Professor
Yaroshevskiy and his team at TU Donetsk, Ukraine,
to consider porosity of the materials:22
ee~ezn:Vg:(1{e) (6)
where e is voidage, m3 m–3; n is porosity of material,
unity fraction; Vg is rate of pore volume accessible for
gas flow, unity fraction.
Calculations of change in gas permeability were
conducted over a wide range of nut coke rate (up to
50% to the total coke rate) and size (5–40 mm) for
different sinter quality (es524–35%) and blast furnace
sizes. It was considered that nut coke is introduced with
every second charge. Figure 10 presents results for a BF
with dtop55?8 m and burden layer thickness Hb50?3 m
when using sinter with ees529?3% (Vg520%).
23 The
larger the grain size of nut coke, the stronger its
influence on change in gas permeability. The effect of
nut coke on the burden permeability decreases with
rising nut coke rate. Improvement in total gas perme-
ability (burden and coke layers) is also remarkable at
higher nut coke rate because of decrease in pressure
drop of the coke layers.
The decrease in pressure drop when using nut coke is
not greatly influenced by BF size and layer thickness
(BFs with dtop55?8–11?0 m and Hb50?30–0?79 m were
examined) but depends more strongly on sinter quality;
the higher the sinter effective voidage and strength, the
lower the decrease in pressure drop for burden–nut coke
mixture.
Furthermore, the pressure drop in the BF ‘dry’ zone is
affected by gas velocity and blast volume; increase in the
blast volume per unit of time raises the furnace
productivity:
DP1
DP2
&
w21
w22
&
Q21
Q22
&
p1
p2
(7)
where Q is blast volume, m3 min–1; p is furnace
productivity.
Increase in the blast volume per unit of time is limited
by an increase in the pressure drop. Hence, decrease in
pressure drop while using a nut coke–burden mixture
allows for keeping sufficient gas permeability when
increasing blast volume. This is a reason for the higher
productivity.
Decrease in pressure drop when using 10 and 20 wt-%
of nut coke with grain size of 5–15 mm makes up 7?0%
and 8?59% respectively; for bigger nut coke size (20–
40 mm), these values are about 9?5% and 12% (Fig. 10).
The reserve for increase in blast volume and, conse-
quently, in productivity is made up as follows:
at 10% nut coke rate(5{15 mm) : Q2~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DP2=DP1
p
:Q1
~
ffiffiffiffiffiffiffiffiffi
0:93
p
:Q1~0:964:Q1 i:e: by 3:6%
9 PC ash spheres on coke surface after reaction with
CO2 (SEM, 6500)
10 Decrease in pressure drop in BF ‘dry zone’ when using nut coke of various size
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at 20% nut coke rate(5{15 mm) : Q2~
ffiffiffiffiffiffiffiffiffiffiffi
0:915
p
:Q1
~0:957:Q1 i:e: by 4:3%
For larger nut coke size (20–40 mm), the reserve for
increase in blast volume and productivity makes up
5?1% and 6?2% for 10% and 20% of nut coke rate
respectively.
Assuming that solid materials occupy about 50% of
the furnace height, BF productivity can be increased by
1?8–3?1%. These figures reflect operation using sinter
with ees529?3%.
Experimental
Facilities, materials and test performance
Streaming conditions in the BF shaft have been
simulated using a cold model (Fig. 11). Air is blown
via six tuyeres and streams through the packed bed.
Characteristics of examined materials are shown in
Table 4 and their photos in Fig. 12. Used grain sizes of
materials simulate size ratios of sinter, nut coke and bell
coke typical of a BF.
Two test series were conducted at the ratio of layer
thickness of coke and burden (sinter and sinter–nut coke
mixture) 1:1 (50 and 100 mm of each layer). This ratio
corresponds roughly to coke-only operation. For the
third test series, the ratio of coke and burden layer
thickness was set at 1:2 (50 and 100 mm respectively).
This ratio represents the modern BF operation, e.g. at
coke rate of 320 kg tHM–1, PC of 170 kg tHM–1, iron
burden of 1640 kg tHM–1 (when bulk densities of coke
and sinter are 450 kg m–3 and 1300 kg m–3 respectively).
Packed bed height was kept 500 mm in all tests. The
ratio of the packed bed height to the stack diameter
(2?27) corresponds roughly to the H/D ratio of a furnace
‘dry’ zone.
Test results and discussion
In Figs 13 and 14, it can be seen that pressure drop
decreases with rising nut coke rate in sinter–nut coke
mixture. This effect becomes more remarkable at higher
flow rates and Re numbers (for the BF conditions
600,Re,800). Decrease in the coke layer thickness
caused by low coke rate leads to increasing pressure
drop.
Experimental results presented in Fig. 15 confirm the
linear dependence of pressure drop on the square of gas
velocity (equation (7)) for constant packaged bed
voidage, height, equivalent diameter and gas density. It
allows for estimation of the nut coke effect on pressure
drop for the BF conditions despite lower gas velocity in
the laboratory tests. Calculation of the line inclination
based on the test results for coke–sinter layer thickness
ratio 1:2 (operating conditions with low coke rate of
310–320 kg tHM–1 and high PC rate) showed that, for
BF with average shaft gas velocity of 2?53 ms21 (blast
velocity 250 ms21, average shaft diameter 10 m), the
pressure drop decreases by 20?5% and 31?5% when using
10 and 20 wt-% of nut coke (NK) in the sinter mixture
1: cylindrical stack for packed material; 2: grid; 3: conic
hopper; 4: tuyeres; 5: variable area flow meter; 6: pres-
sure drop measuring points; 7: U-tube manometer
11 Schematic of cold model24
12 Materials used in laboratory tests
13 Dependence of specific pressure loss on Reynolds
number and flow rate for coke–burden layer thickness
ratio 1:1 (each layer of 100 mm)
Table 4 Grain size of materials
Sinter Coke Nut coke
80% (mass): 8–12 mm 35–40 mm 15–20 mm
20% (mass): ,8 mm
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respectively. Based on equation (5), the reserve for
increase in blast volume and, consequently, in produc-
tivity makes up:
Q2~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DP2=DP1
p
:Q1~
ffiffiffiffiffiffiffiffiffiffiffi
0:795
p
:Q1~0:89:Q1 or 11:0%
at 10 wt-% of nut coke in sinter layer
Q2~
ffiffiffiffiffiffiffiffiffiffiffiffiffi
0:6823
p
:Q1~0:826:Q1 or 17:4% at 20 wt-%
of nut coke in sinter layer
Assuming that solid materials occupy about 70% of the
furnace working height (this corresponds to above-
mentioned operating conditions and centre coke char-
ging), BF productivity can be increased by 7?7–12?2%
for 10 and 20 wt-% nut coke in sinter layer or by 1?5–
2?5% for 10 and 20 wt-% nut coke to bell coke rate
respectively.
Conclusions
A reduction in reduction temperature of the FeO–Fe
reaction does not automatically decrease carbon con-
sumption in a BF. Extension of direct reduction, kinetic
factors and reduction behaviour of Fe2O3 and Fe3O4 can
hinder it.
The higher the porosity of feed coke, the higher the
CRI value. This dependence becomes flatter after the
tests simulating BF conditions and actually disappears
under alkali load. The catalytic effect of alkali appears
strongly when CRI is low and almost disappears when
using high reactivity cokes. Coke optical anisotropy
decreases with rise in CRI but, after the reaction tests,
this dependence becomes flatter.
PC char and ash may have a dual effect on coke
reaction and degradation behaviour: the negative
catalytic effect and the positive effect of preventing coke
from degradation.
The effect of nut coke on BF ‘dry’ zone permeability
decreases with rising nut coke rate and with lower grain
size. Effects of nut coke rate and layer thickness become
apparent at increasing flow rate. BF productivity can be
increased by 1?8–3?1% (calculation results) or by 1?5–
2?5% (experimental results) when using 10–20 wt-% of
nut coke.
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